The classical process of chromium deposition begins simultaneously with formation of the oxide layer which rapidly deteriorates permitting the access of Cr(VI) ions to the cathode and their reduction to metallic chromium. According to the polarization studies (1-10), the cathodic oxide film is formed only if a polychromate ion exists in the electrolyte. Polychromates are formed in strong solutions of chromic acid at low pH. The sulfate ion present in conventional chroming bath exists in strong acids as HSO~ and favors the elimination of the cathodic oxide film (11) . A phenomenological model for the deposition of Cr from hexavalent baths was proposed by Hoare et aI. (7) (8) (9) (10) ).
According to these authors the polychromates decompose to chromous hydroxide and a dichromate which can polymerize back to a trichromate by condensation with other chromates in the solution. The HSO~, exerts its catalytic activity by forming a chromousoxybisulfate complex through hydrogen bonding with chromous oxide. With the successive transfer of two electrons to the specifically absorbed chromousoxybisulfate complex on the cathode surface, Cr(I) and finally metallic Cr along with the regenerated HSO 4 ion are then obtained.
According to Saiddington and Hoey (12) , reduction of pure chromic acid in the absence of sulfate ions results in formation of an amorphous oxide film which grows on the cathode. This film prevents the metal reduction processes from taking place on the cathode surface, while allowing the reduction of hydrogen only. The existence of such films has been proved by double layer capacity measurements (13) and optical microscope studies (14) .
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The deposition of black chromium is generally done with conventional chroming bath free from sulfates, to which catalyst such as acetic acid, sodium nitrate, ammonium methavanadate or fluorine compounds are added (15) (16) (17) (18) (19) (20) (21) . The exact mechanism by which the catalyst ions enable chromium reduction which leads to formation of black deposits is still open to conjecture.
One of the most common commercial solutions for black chrome deposition is ChromOnyx plating solution from the Harshaw Chemical Co., which contains acetic acid as catalyst. As reported in the literature (17) , use of this solution may lead to production of black chrome surfaces with different optical properties as a result of the degradation process of the catalyst. The purpose of the present work is to study the electrochemical reduction of chromic acid in the presence of organic additives and to determine the electroplating conditions for obtaining a selective absorbing surface. An attempt has been made to define a new formulation of plating bath containing NaF, citric acid, and thiourea. The preliminary polarization studies have shown that these compounds are essential to enable deposition of black chromium.
Experimental
In order to establish the influence of the constituents of the plating on the reduction of chromic acid, measurements of the rest potential at open circuit and c.v. measurements were made. All electrochemical measurements were carried out in a special Teflon cell because of the presence of fluorine ions. Working Pt electrodes were used, mounted into a Teflon holder with a geometric area of 6.2 x 10 -2 cm ~. The electrodes were mechanically pol-ished, ultrasonically cleaned in an alcohol and rinsed with distilled water prior to each measurement. A standard calomel electrode (SCE) was used as a reference electrode. Black chrome was electrodeposited from a solution containing 4M CrO3 and 0.05M BaCO3 in presence of fluorine ions and organic additives. The additives were added in the cathode compartment during the course of the run.
All electrochemical measurements were carried out using a PAR Model 273 potentiostat-galvanostat connected via Model 273 interface, to an IBM computer. Experimental data were stored and plotted using a 7470 Hewlett-Packard plotter.
An ideal selective surface is totally reflecting, or white to the infrared radiation emitted by a black body at the temperature of operation of the collector. However, an ideal selective surface does not exist in practice, and therefore one can conceive a real surface whose spectral reflection coefficient varies with wavelength in a manner close to that of an ideal black body. Such a surface can be characterized by its hemispherical absorptance, as, and its normal thermal emittance, eT.
Normal reflection spectra of the samples were measured on the Perkin-Elmer Model 180 spectrophotometer equipped with reflection cells. A gold mirror was used as reference for reflection in order to measure the reflectivity of the samples. The measured spectral range was from 2.5 to 50 ~m. The reflection spectra of the samples in the range between 0.4 and 2.5 ~m have been measured with an Opton II instrument equipped with an integrating sphere for measuring the hemispherical reflectivity. A computer program was used for calculation of the normal thermal emittance (ew) and the hemispherical absorptance (as) from specular normal and hemispherical reflectivities according to the equations fl ~ e(X, T)M~ T)dX .3 ~m eT -- [1] foi: ~m M~ T)dk ]0 ~in ES(MdX where a(~, T) and e(X, T) are, the hemispherical spectral absorptance and emittance, respectively, ES(~,) the spectral solar irradiance, and M~ ,T) the spectral emittance of the black body at temperature T. For opaque materials (transmittance 9 = 0) to which black chrome deposits belong, spectral absorptance for directional incidence and the directional emittance can be calculated from the spectral reflectance or directional irradiation as: as = e = 1 -r, where r is the spectral reflectance.
Results and Discussion
Open-circuit potential studies.--Open-circuit potentials observed on Pt cathodes in pure chromic acid and in chromic acid in which NaF and organic compounds were added are listed in Table I . High anodic values of the observed open-circuit potentials indicate that platinum passivates spontaneously in oxygen free chromic acid solutions. The rest potentials are probably mixed potentials of the reduction of dichromate ion and oxidation of Pt to PtO (22) (23) (24) (25) (26) (27) (28) (29) . The passive film is reducing when the cathode is polarized at more negative potentials.
Potentiodynamic measurements.--Potentiodynamic polarization experiments were carried out in order to determine the shape of the cathodic and anodic curves and the existence of the passivation currents. The electroactive Cr species were reduced in a nitrogen atmosphere using Pt working electrodes. Typical cathodic potentiodynamic polarization curves for electroreduction of pure chromic acid obtained starting at open-circuit potential for different aging times (0.5, 30, 60, and 90 min) are shown in Fig. 1 . All curves were -0.3 V and at -0.5 V vs. SCE which were studied in more details using cyclic voltammetry.
Cyclic voltammetry.--The curves were obtained using different scan rates in the range from 0.01 V/s up to 0.1 V/s and scanning from -0.2 V vs. SCE to -1.2 V vs. SCE where the reduction of water becomes a predominant reaction. Figure 3 shows typical c.v. curves for reduction of pure chromic acid (4M) in which only 0.05M BaCO~ was added in order to precipitate SO~-ions. As can be seen from Fig. 3 , the curve shows a cathodic maximum at -0.95 V vs. SCE which is formed during cathodic course of the run, and this can be attributed to the reduction of Cr ions. There is no evidence of a corresponding anodic peak during the anodic course of the run, indicating that the product formed on the cathode cannot be dissolved when the electrode is polarized anodically. Repeated cycles (curve 2) on the same figure do not show the cathodic peak at -0.95 V, only hydrogen evolution, which indicates that the electrode becomes completely passive during the anodic course of the previous cycle. Neither fluorine, thiourea, nor citric acid have an influence on the magnitude of the reduction peak at -0.95 V, and the peak current only in- creases with increasing the sweep rate. The peak current was not found to be a linear function of the square root of the sweep rate, suggesting that the process is not diffusion controlled. Figure 4 shows the cyclic voltammograms for the electrochemical reduction of chromic acid in the presence of 0.36M fluorine ions. In the presence of the catalyst ions two more cathodic peaks appear at -0.3 V and at-0.5 V vs. SCE. The dependence of the magnitude of the first peak on the concentration of fluorine ions (from 0.33M to 0.76M) is shown in Fig. 5 . The curves were obtained using a scan rate of 0.01 V/s and scanning from 02 V to -0.4 V vs. SCE. It was found that the magnitude of the peak at -0.3 V does not depend on NaF concentration. This peak appears only at concentrations of the additive higher than 0.31M at which the evolution of hydrogen drops drastically.
The peak height of the reduction process at -0.5 V vs. SCE depends on the concentration of NaF, Fig. 6 . The dependence of the peak currents on the sweep rates (0.005 to 0.050 V/s) for the reduction processes at -0.5 V and at -0.95 V vs. SCE is shown in Fig. 7 . The curves were obtained in the presence of 0.276M NaF and scanning from 0.0 V to -1.2 V vs. SCE. The dependence of the peak cur- In Table II the passive film formed in concentrated chromic acid has an important role in the reduction mechanism because it shifts the deposition of metallic chromium and chromium oxide to very high overpotentials. Platinum oxides and chromium oxides present in the composition in the film are reduced when the cathode is polarized at -0.35 V vs. SCE. As is shown in our polarization studies this process is clearly seen only in the presence of the additives, when the evolution of hydrogen drops drastically. The magnitude of the peak does not depend upon chromic acid concentration or the concentration of the additives indicating that the reduction is not controlled by the ions from the electrolyte. At further cathodic polarization, a cathodic film is formed, composed from absorbed Cr(VI), Cr(III), and species with lower oxidation states of chromium (30) (31) (32) (33) (34) .
For any cation which forms complexes in the solution, in order to be reduced or oxidized, it is necessary that its coordination number be changed (22, 24) . This fact, in connection with Frank-Condon principle, prevents three-electron reduction from Cr(VI) to Cr(III), because their coordination numbers are 4 and 6, respectively. The reduction of Cr(III) to Cr(II) is also limited, despite that both species have the same coordination number. This limitation results from the structural configuration of the Cr(III) complexes, which are octahedral, while Cr(II) complexes have strong Jahn-TeUer distortion of octahedral configuration. Thus, the slow change in the coordination structure compared with the fast electron transfer limits certain electron exchange reactions. Accordingly, the reduction of Cr(VI) to Cr(III) is eliminated as a possibility occurring in one reduction step, rather the reduction occurs through Cr(V) and Cr(IV) intermediaries, where the coordination changes are smaller. According to our studies the peak which occurs at -0.5 V vs. SCE can be attributed to reduction of Cr(VI) to Cr(IV). The peak height at -0.5 V vs. SCE depends upon the concentration of NaF and thiourea, and, as will be shown later, are essential to enable deposition of black chromium. Cr(VI) ions in concentrated chromic acid solutions essentially are in the form of Cr20~ and in its derivative complexes (7) (8) (9) (10) (25) (26) (27) (28) (29) . The additives used in this study also form complexes with Cr ions. These complexes move toward the cathode through the cathodic film and are reduced at the surface which results in the dependence of the peak height of the reduction process at -0.5 V vs. SCE upon the concentration of the additives. Thus, the complexes formed in the cathode region catalyze the transient stages in the electrodeposition process. The important features of the diagrams in Fig. 7 and Fig. 10 are the increase of the peak current and the shift of the peak-potential with an increase of the sweep rate. This shift of the peak potential with the increased sweep rate is plotted in Fig. 11 as a function of log v as suggested by Srinivasan and Gileadi for the case when the product of the electrochemical reaction are absorbed species which block the surface for further reaction. As seen, a linear dependence is obtained. According to Srinivasan and Gileadi (35) , the peak potential and sweep rate Iv, V/s], should be related by equation
where ~ is the transfer coefficient, kl is the reaction rate constant, and k is the amount of charge required to form a monolayer of absorbed product. The linearity obtained in Fig. 11 which follows the prediction of Eq. [3] indicates that the peak at -0.95 V probably results from Cr(IV) to Cr(III) reduction on the surface of the electrode. The product of the electrochemical reduction at this potential are Cr(III) species which form stable electrochemically nonactive complexes with F-and very stable [Cr(H20)8] 3+, also an electrochemically nonactive complex in water solutions. These complexes are absorbed at the electrode blocking the surface for further reduction. From the slope in Fig. 11 one can calculate a = 0.6. At more cathodic potential, reduction to metallic chromium also occurs with heavy hydrogen evolution as a result of water reduction at high overvoltages.
The amount of liberated hydrogen during the electrodeposition of black chromium from chromic acid solution in Table III . Hydrogen evolution as a function of the applied potential, Apt = 0.6 cm 2.
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--the absence and in the presence of the additives was measured quantitatively and the results are given in Table III . The experiments were carried out in a special hermetically sealed cell with an outlet connected to a device where hydrogen gas was collected and its volume measured during the run of the experiment. As seen from Table III No evidence was found that any type of deposit is formed on the Pt surface when chromic acid was potentiostatically electrolyzed at -0.3 and at -0.5 V. Evidence of black chrome deposits on the Pt surface was found only in the case when the electrode was polarized at potentials more negative than -0.95 V and in the presence of NaF concentrations higher than 0.3M. The amount of the deposited material increases with the increase of the concentration of the catalyst in the electrolyte up to 0.5M, when it levels off. Further increase in the fluorine ion concentration inhibits the deposition process. In the absence of fluorine ions in the electrolyte, only dark grayish deposits were obtained, indicating that catalyst ions are essential for the process which leads to a formation of black chrome deposits.
In order to determine the optimum operating conditions under which a spectrally selective surface of black chrome appears, spectral reflectance of black chrome deposited on nickel-plated copper has been studied as a function of deposition time. The following standard experimental conditions were used in preparing the samples for reflectance measurements: agitation of the electrolyte with nitrogen, temperature 295~ current density 10-12 A/dm 2, cathode to anode area ratio 1:1. A computer program was used to calculate the normal thermal emittance and the hemispherical absorptance from specular normal and hemispherical refleetivities in order to determine the selective properties of the electroplated black chrome coatings. Figure 12 shows reflection spectra of two black chrome deposits in a "as prepared" state electrolyzed for 60 s (curve Variation of the normal thermal emittance (eT), the  hemispherical absorptance (as) and selectivity (as/eT) of black  chromium deposited for 1 min (curve 1) and for 2 min (curve 2) .
Optical properties
Deposited 1) and for 120 s (curve 2). Variation of the optical properties of these two black chrome specimens are given in Table IV . The data indicate that specimen 1 has better optical characteristics, which can be explained by the influence of the thickness on the optical properties of the deposit.
On the basis of these preliminary measurements we have formulated our own composition of chromate bath, which was used for electrodeposition of black chrome. The best results concerning black chrome deposition were obtained with a bath, whose composition is given in Table V . The tests were carried out on steel samples previously nickel-plated by electrolysis in a Watts bath and on copper samples previously also coated with nickel. The thickness of the nickel coating was about 20 ~m in the case when steel samples were used and about 10 ~n when copper samples were used. The optimum thermo-optical properties were obtained within 60 s. The optimum plating parameters proved to be current density of 0.35 A/cm 2 and a solution temperature of 18~ Using the above we obtained black chromium coatings with "a" values of 0.94 and "e" values of 0.07-0.12. Both thermo-optical properties of the black chromium coating were found to depend upon the deposition time, but they were independent of the type of nickel undercoating used.
AES measurements revealed Cr and O and some F-to be the main constituents of black chrome deposits, while some S and C were found only as impurities. After ion bombardment the peaks of these elements disappeared from the spectra. This is in agreement with literature data (6, 7, 11) that black chrome deposits consist of metallic chromium particles dispersed in a matrix of chromium oxides.
In order to check the thermal stability of black chrome coatings, two different types of thermal treatment have been used. In the first one black chrome specimens were heated up to 450~ for 10 h in electric furnace in an air atmosphere. In the second series, heating was done in a vacuum. From the AES spectra of thermally treated specimens, as well as from SEM investigations it has been concluded that our black chrome deposits are stable up to 350~ Prolonged heating over this temperature especially in an air atmosphere will result in oxidation of the metallic chromium particles. After 5 h heating at 500~ no metallic chromium was found in the black chrome deposit. The heating also resulted in degradation of the selective optical response. Figure 13A and B show the surface morphologies of black chrome deposit as defined by scanning electron mi- croscopy (SEM). SEM micrographs of the black chrome deposits were obtained in an "as plated" state using: A, magnification of 1000 and B, 10,000 times. One observes a dendritic growth of the deposit. This is a rather different structure from the structure of black chromium coatings deposited from acetic acid baths reported in literature (6-9). Figure 14A , magnification 100, and Fig. 14B magnification 10,000, represent the structure of thermally treated specimens. According to Fig. 14A and B thermal treatment at lower temperatures (400~ leads to formation of microcracks. Higher temperature thermal treatment results in complete structure degradation of black chrome deposits.
Conclusions
High anodic open-circuit potentials observed on Pt cathodes in pure concentrated chromic acid and in chromic acid in which NaF, and organic compounds are added indicate that platinum passivates spontaneously. The passive film formed has an important role in the reduction mechanism because it shifts the deposition of metallic chromium and chromium oxide to very high overvoltages.
A low hydrogen overvoltage (-0.25 V vs. SCE) is present at the working electrode. The measured current for the entire cathodic region corresponds to hydrogen reduction and reduction of Cr electroactive species. In the presence of NaF, thiourea, and citric acid, hydrogen evolution drops drastically. Besides the reduction peak which occurs at -0.95 V in the absence of the additives, two new peaks at -0.3 V and at -0.5 V vs. SCE appear in their presence. The magnitude of the peak at -0.3 V vs. SCE does not depend upon chromic acid concentration, and neither peak depends upon the concentration of the additives, indicating that the reduction is not controlled by the ions from the electrolyte. It has been assumed that at -0.3 V oxides which have been formed at open-circuit potential are reduced. The peak which occurs at -0.5 V vs. SCE can be attributed to reduction of Cr(VI) to Cr(IV). The Cr(IV) species formed at this potential are further reduced to Cr(III) at -0.95 V vs. SCE.
An increase of the peak current and the shift of the peak potential with an increase of the sweep rate is observed for the peak at -0.95 V indicating that Cr(III) species formed at the interface block the surface for further reduction and prevent further increase of the film thickness. At more cathodic potentials, reduction to metallic chromium occurs with a hydrogen evolution as a result of water reduction at high overvoltages.
The electrolyte given in Table V was found to be most suitable for a black chrome plating process for so]ar absorber tubes. The optimum plating parameters proved to be a current density of 0.35 A/cm 2 and a solution temperature of 18~ Using the above parameters a black chromium coating has been obtained with "a" value of 0.94 and "e" values of 0.07-0.12. Both thermo-optical properties of the black chromium coating were found to depend upon the deposition time but were independent of the type of the nickel undercoating used.
